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Abstract
Strongly localized vorticity is a key ingredient of a broad variety of fluid phenomena, and its
quantized version is considered to be the hallmark of superfluidity. Flows that correspond to
vortices of a large topological charge, termed “giant vortices”, are notoriously difficult to realise
and even when externally imprinted, they are unstable, breaking into many vortices of a single
charge. In spite of many theoretical proposals on the formation and stabilisation of giant vortices
in ultra cold atomic Bose-Einstein condensates and other superfluid systems, their experimental
realisation remains illusive. Polariton condensates stand out from other superfluid systems due to
their particularly strong interparticle interactions combined with their non-equilibrium nature, and
as such provide an alternative test-bed for the study of non-trivial vortices. Here, we show that by
injecting an odd number of polariton condensates at the vertices of a regular polygon and imposing
frustration into the system by controlling the interactions across vertices, stable spatially localized
circular energy flows can be formed of non-trivial angular momentum. Multiply-quantized vortices,
formed at the centre of a polygon on a non-zero density background, allow for the study of vorticity
with large topological charges in superfluids and create a promising platform for analogue gravity.
∗correspondence address: N.G.Berloff@damtp.cam.ac.uk; Pavlos.Lagoudakis@soton.ac.uk
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Quantised vortices are fundamental topological objects playing an important role in
branches of physics ranging from superfluids and superconductors to high energy physics
and optics. They exist in classical matter fields described by a classical smooth complex-
valued field ψ =
√
ρ exp[iS] signifying the points (in 2D) or lines (in 3D), where the ampli-
tude of ψ becomes zero and the phase, S, winds around in multiples of 2pi. The winding
of a quantised vortex, also called topological charge, is the integer defined as the integral
k = (1/2pi)
∮
C
∇S · dl, where C is the closed contour around the zero of the amplitude.
Although the formation, structure, dynamics, and turbulence of quantised vortices has been
the subjects of intense research -for reviews see e.g.[1, 2]- many fundamental aspects of
the vortex dynamics such as its effective mass [3, 4] and applicable forces [5] are still not
fully understood. Vortex motions, even in the simplest configurations, such as the advec-
tion of a single vortex of unit charge by a constant superflow have challenged the scientific
community [6].
The creation of multiply quantized or even giant vortices has been the subject of intense
research efforts in the ultra-cold atomic Bose-Einstein condensates (BECs) community [7–
10]. A multiply-charged vortex, both in a uniform and sufficiently large condensate [11] as
well as in a trapped condensate [12], is dynamically and thermodynamically unstable and
tends to break into an array of singly-charged vortices [13]; the energy of several vortices
of the unit charge is lower than the energy of a multiply-quantized vortex of the same
total charge. In confined BECs, there is an interplay between this instability and the role
of a trap, since trapping potentials encourage the merging of vortices, while vortices tend
to spatially expand a BEC. There are numerous theoretical proposals on how to stabilise
charged vortices: by exploiting stronger than harmonic confinement and fast rotation [8, 14],
by using a near-resonant laser beam [10], by introducing a second species of BEC [15], by
organizing spatiotemporally modulated interactions [16], or by considering Rashba spin-
orbit coupling in two-component BECs [17] among others. In a rotating BEC confined in
a combined harmonic and quartic trap, it was shown experiementally that a vortex lattice
evolves to a vortex array, with vortices being less visible at the trap centre [18]. However,
evidence that the core of the vortices merged into a giant vortex remains illusive, as is the
case for stable giant vortices in other quantum fluid systems such as superfluid helium-3 and
4 [19, 20].
Whereas in mesoscopic superconducting materials giant vortices were reported [21–23],
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numerical simulations were used to corroborate the evidence, since the available experimen-
tal techniques provided limited probing to the core of the vortices [23–25]. In many respects,
these vortices have similar physics to giant vortices in atomic BECs, where the role of the
external rotation is played by an applied magnetic field. By increasing the amplitude of
the magnetic field, a vortex of multiplicity three was experimentally observed in a strongly
confined superconducting condensate [26]. Apart from quantised vortices that exist on a
non-zero, and usually uniform background, a new class of vortices was introduced theo-
retically and achieved experimentally in optics and atomic physics: those found in optical
lattices of ultra cold BECs or periodic photonic structures of light called discrete vortex soli-
tons (DVSs) [27–29]. The core of such vortices lies on a negligible density background and
their phase winds to provide spatially localized circular energy flows between the sites. In
previous experimental realisations, the phase corresponding to singly- and multiply-charged
vortices was previously directly imprinted by laser beams that resulted in stationary DVSs
[30]. Similarly, a ring network of coupled lasers with identical anti-ferromagnetic couplings
spontaneously acquires a topological charge as the global minimum [31], or for an even num-
ber of lasers as a local minimum [32] Also a one dimensional ring of coupled parametric
oscillators with identical ferromagnetic couplings between neighbours may establish a topo-
logical winding as an excited state [33]. In these settings, the topological winding of the
phase around the sites does not result in the creation of a nonlinear vortex. The topological
charges away from the pumping sites do not have an entity of their own but rather manifest
themselves only via the phase winding around these sites. It remains a challenge to create
and control such phase singularities on a nonzero background, similar to singly-quantized
vortices in ultra cold BECs.
In this article, we realise crossbreeds of the discrete vortex solitons and giant vortices in a
new system: a graph of polariton condensates. We demonstrate remarkable control over the
properties of these vortices including the winding, density and velocity profiles. Polaritons
are solid-state quasi-particles – the result of hybridisation of excitons and photons in a
semiconductor microcavity. At low enough densities, they behave as bosons and undergo
non-equilibrium Bose-Einstein condensation [34]. Due to their finite lifetimes a constant
source of external pumping is required to continuously repopulate them in order to reach
steady state. Polariton condensates and related phenomena are currently the subject of
intense investigations, for reviews see Refs.[35, 36], including spontaneous and imprinted
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FIG. 1: Schematic of the density profile of an heptagon of polariton condensates with anti-
ferromagnetic coupling between its vertices. Within the inner ring visible at the centre of the
heptagon, a sinkhole giant vortex occurs that is fully contained within the inner ring. Such giant
vortices provide a platform for studying “analogue gravity”, for example, the core of the vortex
here, acts as an analogue sonic black hole with the ergosurface and event horizon positioned at
the inner ring.
quantised vortices and their dynamics [37–40]. Recently lattices of polariton condensates
were realised experimentally revealing periodic oscillations [41], whispering gallery modes
[42], transition from lattice condensates to trapped condensates [43, 44], and non-trivial
phase coupling [45, 46]. Unlike DVSs in purely optical systems or photonic crystals,
where the phase winding comes from the laser, in polariton graphs giant vortices can
form under non-resonant pumping. In this respect, they are closer to vortices in atomic
condensates, but as we demonstrate, they do not require any external rotation, and even
multiply-charged vortices are fully stabilized by the polariton outflow from the pumping
sites. Also, unlike vortices in ultra cold atomic BECs, polariton giant vortices generate
spiral velocity profiles towards the vortex centre, and as such they are better candidates to
study “Analogue gravity” [47]. Here, we consider polariton graphs, where each node occupies
the vertex of a regular polygon. Figure 1 shows a schematic of the expected density profile
of an heptagon of polariton condensates. The coupling between the condensates is such that
in the centre of the polygon a giant vortex is formed.
The relative phases across a polariton graph are chosen by stimulated relaxation of
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polaritons to the phase configuration with the highest overall occupation. By tuning the
separation distance and outflow velocity from the condensates, one can control the phase
coupling between nearest neighbors [46], and therefore, the phase configuration across the
polygon. Hereafter, we map the relative condensate phases to classical “spins” through
si = (cos θ0i, sin θ0i) with respect to some reference phase “0”, similar to the works on
coupled laser systems [48] or atomic condensates in optical lattices [49]. The measurement
of the phase of a condensate is always made with respect to a reference phase; that is,
only phase differences are a measurable of the system. We have recently shown that just
above threshold the phase configuration with the highest overall polariton occupancy in a
system of N spatially separated condensates corresponds to the global minimum of the
XY Hamiltonian: HXY = −
∑
Jij cos θij, where θij is the phase difference between two
vertices. The coupling strength Jij depends on the densities at the corresponding vertices
i and j, the distance between them, dij = |xi − xj|, and the outflow wavenumber, kc,
which corresponds to the in-plane momentum polaritons acquire due to their repulsion from
hot excitons and other polaritons, and is set by the system parameters such as pumping
intensity and pumping profile [46]. Therefore, by varying the pumping strength and the
distances between sites one can control the sign and strength of the coupling. If Jij > 0,
then the coupling between vertices i and j is said to be ferromagnetic, all condensates
are in-phase and the corresponding “spins” will try to align; if Jij < 0, then the coupling
between vertices i and j is said to be anti-ferromagnetic and the “spins” will tend to point
in opposite directions. This has been illustrated in Ref.[50] using a linear chain of five
equidistant pumping spots: when the imposed coupling is ferromagnetic all spins point
in the same direction, when the coupling is anti-ferromagnetic the nearest spins point in
opposite directions. The periodicity imposed on the linear chain by arranging the spots in
a circle with anti-ferromagnetic coupling and an odd number of pumping spots is expected
to create frustration: the spins can no longer alternate their direction and are forced to
acquire non-trivial phase winding patterns. In the simplest case of three condensates, and
for an element of a triangular lattice, the phase differences between vertices of an equilateral
triangle were measured to be 2pi/3 [46, 50].
In the following, we generalise the above discussion and analyse the “spin” configurations
obtained by the minimisation of the XY Hamiltonian for N polariton condensates arranged
at the vertices of a regular convex polygon. When only nearest neighbor interactions are
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taken into account, the XY Hamiltonian becomes HXY = −J
∑N
i=1 cos θii+1, where the
summation is cyclic. For a regular polygon, the XY Hamiltonian can be written as HXY =
−JN cos(2pik/N), where k is an integer. If J > 0, the global minimum is at θii+1 = 0;
if J < 0 and N is even, the global minimum is achieved by θii+1 = pi; finally if J < 0
and N is odd, the frustration described above gives rise to a non-trivial phase winding with
θii+1 = ±pi(N−1)/N . The latter case corresponds to the formation of the central vortex with
winding k = ±(N − 1)/2. Therefore, by engineering anti-ferromagnetic coupling between
nearest neighbor condensates at the vertices of an odd-sided regular polygon, we build
frustration into the system and force it to form a central vortex of multiplicity that relates
to the number of vertices, N . As the central region contains particle fluxes coming from the
condensates, these vortices exist on a nonzero density background, which allows for the full
manifestation of their nonlinear nature.
We experimentally access the spin configurations by injecting equidistant polariton con-
densates in a circle. We preclude any correlation between the phase of the pumping source
and the realised phase configurations, by pumping polariton condensates using non-resonant
continuous wave optical excitation on a multiple InGaAs quantum well semiconductor mi-
crocavity [51]. For a description of the excitation and detection scheme read the “Sample &
Experimental Methods” section of the Supp. Material. As discussed above, the simplest spin
configuration from the minimisation of the XY Hamiltonian occurs in the case of ferromag-
netic couplings, J > 0, wherein the condensates lock in-phase. We illustrate the all-in-phase
configuration, both for an even and an odd number of vertices by tuning the nearest neighbor
distances so as to obtain ferromagnetic couplings at condensation threshold. Figure 2(a,b)
shows experimental results of real-space photoluminescence intensity for an octagon and a
nonagon of polariton condensates at condensation threshold. The ferromagnetic coupling is
clearly distinguishable by an odd number of fringes between vertices -one here- and their
symmetry. We note that in the centre of both polygons we observe local maxima of the
photoluminescence intensity indicative of the absence of a vortex. When the condensates
are positioned closer than a critical distance, a single trapped condensate is formed at the
centre of the circle [43]. Here, we operate above this criticality, where the condensates form
at the location of the pump beams.
We numerically simulate the phase dynamics of polariton condensates across regular poly-
gons using the complex Ginzburg-Landau equation [52, 53] written for the condensate wave-
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FIG. 2: Normalised real-space photoluminescence intensity at condensation threshold for an oc-
tagon and a nonagon with ferromagnetic couplings between nearest neighbors in a false-grey scale.
The first column (a,b) shows the experimental results and the second column (c,d) shows the nu-
merical simulations of the density profiles; (a) is saturated at 0.5 and (b) is saturated at 0.4 to
increase the visibility of the low-intensity fringes between the vertices. In (c,d) the centres of the
pumping spots are shown by black dashed circles. The parameters of the numerical simulations
are listed in the Supp. Mat.
function, ψ(r, t), and coupled to a rate equation for the hot exciton reservoir. For a descrip-
tion of the equations and parameters used in the numerical simulations read the “Numerical
Simulations” section of the Supp. Material. We mimic the experimental excitation condi-
tions for the pumping profile using N Gaussian functions: P (r, t) =
∑N
i=1 P0 exp(−α|r−ri|2)
centred at the positions ri. Figure 2(c,d) shows the result of the numerical simulations that
are in good agreement with the experimental observations, where the centres of the pumping
spots are annotated by black dashed circles on the theoretical density profiles.
Next we explore the spin configuration for even numbers of condensates -eight and ten
here- arranged at the vertices of the regular polygon with anti-ferromagnetic couplings be-
tween nearest neighbors, J < 0, wherein we expect the condensates to lock in anti-phase,
pi. Figure 3 summarises the experimental results and numerical simulations for eight (top
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row) and ten (bottom row) condensates arranged at the vertices of regular polygons at
condensation threshold. The first column shows the experimental results of the real-space
photoluminescence intensity. The anti-ferromagnetic coupling is clearly distinguishable by
the even number -two here- and symmetry of fringes between vertices that pin the relative
phase difference between nearest neighbors to pi both for the octagon and the decagon. Al-
though as we discussed above, we do not expect the occurrence of a vortex in the centre
of these polygons, in both cases, we observe a depletion of the photoluminescence intensity
at the centre. In the second column, we present the experimental results of the Fourier-
space of the photoluminescence intensity, which allows us to record the distribution of the
condensed polygons’ wavevectors. Within the limitations of the experimental resolution,
we observe minima of the photoluminescence intensity -nodal radial lines- that cross the
centre and section the Fourier-space. The discontinuity of wavevectors’ distribution with
the azimuthal angle in the Fourier-space indicates the absence of vortices localised in the
centre of the polygon, since the latter require a continuous flow of polaritons along a ring
concentric to the polygons. In the third column of Fig. 3, we further visualise the absence
of core vortices by plotting the velocity stream-lines and zeros of the real and imaginary
parts of the numerically simulated polariton wavefunctions for these polygons. Evidently
there are no crossings of the zeros of real and imaginary parts of the polariton wavefunction
-characteristic of vortices- in the plotted region, and thus no velocity circulation around the
centre. We note that the absence of a central vortex in the case of an even number of
condensates arranged at the vertices of regular polygons with anti-ferromagnetic couplings
between nearest neighbors does not exclude the appearance of singly quantised vortices away
from the centre created by the superposition of fluxes coming from the condensates.
The most interesting spin configuration is predicted for an odd number of condensates,
N , arranged at the vertices of regular polygons with anti-ferromagnetic couplings between
nearest neighbors, J < 0. In this case, frustration gives rise to non-trivial phase windings
that correspond to the formation of multiply-charged vortices. Figure 4 summarises the
experimental results and numerical simulations for seven (top row), nine (middle row) and
eleven (bottom row) condensates respectively arranged at the vertices of regular polygons at
condensation threshold. The first column shows the experimental results of the real-space
photoluminescence intensity. The anti-ferromagnetic coupling is imposed by tuning the
8
FIG. 3: The first column (a,b) shows the normalised real-space photoluminescence intensity at con-
densation threshold for an octagon and a decagon with anti-ferromagnetic couplings between near-
est neighbors in a false-grey scale. The second column (c,d) shows the corresponding normalised
photoluminescence intensity of the two-dimensional Fourier-space at condensation threshold for
the octagon and decagon of (a,b). The nodal radial lines indicate the absence of a central vortex.
The third column (e,f) shows the velocity stream-lines and the zeros of the real and imaginary
parts of the wavefunctions with solid red and black lines respectively for the octagon and decagon
of (a,b). The black filled area in (e,f) indicates the areas where the polariton density is less than
10−5 of its maximum. False-grey scale images (a,b) are saturated at 0.2 and 0.25 respectively, and
(c,d) are plotted in a logarithmic scale from 0.05 and 0.03 respectively to increase the visibility of
the low-intensity fringes. The parameters of the numerical simulations are listed in the Supp. Mat.
distance between nearest neighbors and is distinguishable by the even number -two or zero
here- and symmetry of fringes between vertices. In all three cases, we observe a depletion of
the photoluminescence intensity at the centre of the polygons, encircled by a brighter ring
that is indicative of a central vortex.
To investigate the flow of polaritons in these polygons, in the second column of Fig.4
we present the experimental results of the Fourier-space of the photoluminescence intensity
that allows us to record the distribution of the condensed polygons’ wavevectors. Unlike
the case of negative coupling in polygons of an even number of vertices, here, we do not
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FIG. 4: The first column (a-c) shows the normalised real-space photoluminescence intensity at con-
densation threshold for a heptagon, nonagon and a hendecagon with anti-ferromagnetic couplings
between nearest neighbors in a false-grey scale. The second column (d-f) shows the correspond-
ing normalised photoluminescence intensity of the two-dimensional Fourier-space at condensation
threshold for the polygons of (a-c). The absence of nodal radial lines indicates the presence of a
central vortex. The third column (g-i) shows the velocity stream-lines and the zeros of the real and
imaginary parts of the wavefunctions with solid red and black lines respectively for the polygons of
(a-c). The black filled area in (g-i) indicates the areas where the polariton density is less than 10−5
of its maximum. False-grey scale images (a,c) are saturated at 0.2 and 0.5 respectively, and (d-f)
are plotted in a logarithmic scale from 0.01, 0.02, and 0.025 respectively to increase the visibility
of the low-intensity fringes. The parameters of the numerical simulations are listed in the Supp.
Mat.
observe minima of the photoluminescence intensity that cross the centre of the Fourier-space;
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the absence of nodal radial lines shows a continuum of wavevectors’ distribution versus the
azimuthal angle of the Fourier-space, which is further indication of the presence of a central
vortex. In the third column of Fig.4, we further visualise the presence of core vortices by
plotting the velocity stream-lines and zeros of the real and imaginary parts of the numerically
simulated polariton wavefunctions that show the velocity circulation around the centre of the
polygons. The presence of a central vortex displaces a significant amount of polariton fluid
away from the centre and forces the fluid to circulate along a spiral trajectory. In principle,
by tuning the geometry and the profile of the excitation density we can effectively control the
amount of the circulating fluid, its tangential and inward radial velocities and the volume of
the displaced fluid from the central region. Such control over the dynamics of giant vortices
offers a unique test-bed for “Analogue” gravity studies, see “Analogue Gravity” section of
the Supp. Material.
Our experimental observations and numerical simulations provide strong evidence for the
presence of multiply-charged vortices of winding numbers k = ±3,±4 and ±5 for the case of
negative couplings in the heptagon, nonagon and hendecagon respectively. In the following,
we provide further evidence of the presence of giant vortices in the core of a nonagon by
resolving the spatial phase distribution of the central vortex using off-axis digital holography
[37]; read “Sample & Experimental Methods” section of the Supp. Material. Whereas vortex
formation stochastically results in clock- or anti-clock-wise winding of the phases across
our polygon, averaging over several realisations skews the direct measurement of the phase.
However, any asymmetry in the pumping profile, even unintentional, or an anisotropic defect
in the flow of polaritons can pin the winding of the vortex in one of the two directions. Figure
5 shows the experimental results (top row) and numerical simulations (bottom row) for the
case of a nonagon. The first column shows the product of interference of the nonagon’s
core with one of its condensates, following a tenfold magnification of the condensate in a
stabilised Mach-Zehnder interferometer. The second column shows the respective extracted
phase pattern obtained by off-axis digital holography inside the white dashed square as
illustrated in the images of the first column. The third column shows the phase extracted
along the green circle as illustrated in the images of the second column. Figure 5(c) shows the
fourfold winding of the phase by 2pi along the perimeter of the inner ring encircling the core
of the nonagon, providing experimental evidence of the presence of a vortex of multiplicity
four. Figure 5(f) shows the result of the numerical simulations that are in agreement with
11
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FIG. 5: (a) shows the product of interference of a nonagon’s core with one of its condensates,
following a tenfold magnification of the condensate in a stabilised Mach-Zehnder interferometer.
(b) shows the respective extracted phase pattern obtained by off-axis digital holography inside the
white dashed square as illustrated in the images of the first column. (c) shows the phase extracted
along the green circle as illustrated in the images of the second column. In (c) we record a nearly
fourfold winding of the phase by 2pi along the perimeter of the inner ring encircling the core of
the nonagon, indicative of the presence of a vortex of multiplicity four. (d-f) show the results
of the numerical simulations corresponding to (a-c) that are in agreement with the experimental
observations.
the experimental observations. We note here that in our system we do not externally imprint
the phases [54–58], but we rather control the dynamics of the coupling between condensates,
which leads to the spontaneous formation of giant vortices.
In conclusion, we have investigated the formation of central stable vortices of multiplicity
k, when N = 2k + 1 condensates are created at the vertices of a regular polygon with an
edge that induces anti-ferromagnetic interaction between adjacent condensates. The result
is a spiral vortex; its velocity field has a fast azimuthal component and an inward radial
component with linear scaling at the centre. Such vortices allow for experiments in line
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with analogue gravitational physics models: away from the vortex core, initially the inward
velocity, and then the modulus of the velocity reach the speed of sound giving rise to an
analogue with the event horizon and ergosphere respectively. The velocity field inside the
vortex core provides a fertile ground for studies of superradiance [59] and scattering [60],
while the presence of a central drain, even in classical hydrodynamic vortices, is essential
for drawing analogues with black holes and observing superradiant scattering [61].
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Giant vortices of controlled multiplicity in polariton lattices
Sample & Experimental Methods
The semiconductor microcavity structure studied here is a planar, strain compensated
2λ GaAs microcavity with embedded InGaAs quantum wells (QWs). Strain compensation
was achieved by AlAs0.98P0.02/GaAs DBR layers instead of the thin AlP inserts in the AlAs
layers used in Ref. [S1] as their effective composition could be better controlled. The bottom
DBR consists of 26 pairs of GaAs and AlAs0.98P0.02 while the top has 23 of these pairs,
resulting in very high reflectance (>99.9%) in the stop-band region of the spectrum. The
average density of hatches along the [110] direction was estimated from transmission imaging
to be about 6/mm, while no hatches along the [11¯0] direction were observed. Three pairs
of 6 nm In0.08Ga0.92As QWs are embedded in the GaAs cavity at the anti-nodes of the field
as well as two additional QWs at the first and last node to serve as carrier collection wells.
The large number of QWs was chosen to increase the Rabi splitting and keep the exciton
density per QW below the Mott density [S2] also for sufficiently high polariton densities to
achieve polariton condensation under non-resonant excitation. The strong coupling between
the exciton resonance and the cavity mode is observed with a vacuum Rabi-splitting of
2~Ω ∼ 8 meV. A wedge in the cavity thickness allows access to a wide range of exciton-cavity
detuning. All measurements reported here are taken at ∆ ≈ −5.5 meV. The measured Q-
factor is ∼ 12000, while the calculated bare cavity Q-factor, neglecting in-plane disorder and
residual absorption, is ∼ 25000. As the emission energy of the InGaAs QWs is lower than the
absorption of the GaAs substrate, we can study the photoluminescence of the sample both
in reflection and transmission geometry. The transmission geometry, which is not available
for GaAs QWs, allows us to filter the surface reflection of the excitation, and has been
widely utilized to probe the features of polariton fluids [S3, S4] under resonant excitation of
polaritons. Using real and reciprocal space imaging under non-resonant optical excitation,
polariton condensation, and a second threshold marking the onset of photon lasing, i.e. the
transition from the strong to the weak-coupling regime was studied in this microcavity [S5].
In the experiments described here the sample was held in a cold finger cryostat at a tem-
perature of T ≈ 6 K. Continuous wave excitation is provided by a single mode Ti:Sapphire
laser. We use non-resonant excitation from the epi side and detect the emission from the
1
substrate side so that the excitation is filtered by the absorption of the GaAs substrate.
The optical excitation, for all the measurements reported in this work, is at the first re-
flectivity minimum above the cavity stop band. The spatial profile of the excitation beam
is modulated to a regular polygon with Gaussian profiles at each vertex of approximately
equal in diameter spots using a reflective spatial light modulator (SLM). We use a high nu-
merical aperture microscope objective (NA = 0.65) to focus the spatially modulated beam
to ∼1-2µm in diameter at full width at half maximum (FWHM) excitation spots. The
photoluminescence from the sample is collected in transmission geometry with ±25◦ col-
lection angle, by a 0.42 NA microscope objective. Two-dimensional Fourier and real-space
photoluminescence imaging are obtained by projecting the corresponding space to a cooled
charge-coupled device (CCD) camera. We resolve the spatial phase distribution of the cen-
tral vortex using off-axis digital holography [S6]. We use a Mach-Zehnder interferometer
with one of its arms designed to spatially displace and magnify the image by a factor of
10. This configuration allows us to interfere the core of the nonagon with a 10x magnified
version of one of its constituent condensates. As the phase in the centre of each condensate
is virtually constant, its spatially displaced emission results in a plane wave-like reference
wave interfering with the nonagon’s emission.
Numerical simulations
We numerically simulate the phase dynamics of polariton condensates across regular
polygons using the complex Ginzburg-Landau equation (cGLE) [S7, S8] written for the
condensate wavefunction, ψ(r, t), and the rate equation on the hot exciton reservoir, R(r, t):
i~
∂ψ
∂t
= − ~
2
2m
(1− iηdR)∇2ψ + U0|ψ|2ψ + ~gRRψ +
+
i~
2
(
RRR− γC
)
ψ, (S1)
∂R
∂t
= − (γR +RR|ψ|2)R+ P (r), (S2)
where m is the polariton effective mass, U0 and gR are the strengths of effective polariton-
polariton interactions and the blue-shift due to the interactions with non-condensed particles,
respectively, RR is the rate at which the exciton reservoir feeds the condensate, and P is the
pumping into the exciton reservoir. Finally, γC is the rate of losses of condensed polaritons
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through the cavity mirrors and γR is the rate of redistribution of reservoir excitons between
the different energy levels. The process of energy relaxation is characterized by ηd [S9].
For well-separated condensates we can approximate the overall wave function, ψN , as
ψN(r, t) ≈
∑N
i ψ0(|r − ri|) exp(iθi), where ψ0 = ψ0(r) is the steady state solution for a
single localized radially symmetric condensate pumped by P = P0 exp(−αr2). To find the
total amount of matter M we write:
M =
∫
|ψN |2 dr = 1
(2pi)2
∫
|ψ˜N(q)|2dq, (S3)
ψ˜N(q) =
∫
exp(−iq · r)ψN(r) dr =
= ψ˜0(q)
N∑
i=1
exp(iq · ri + iθi), (S4)
where ψ˜0(q) = 2pi
∫∞
0
ψ0(r)J0(qr)rdr and J0 is the Bessel function. The total mass becomes
M = 2piN
∫ ∞
0
|ψ0|2rdr +
∑
i<j
Jij cos(θi − θj), (S5)
Jij =
1
pi
∫ ∞
0
|ψ˜0(q)|2J0(q|ri − rj|)q dq. (S6)
Since the system maximizes the total number of particles given by Eq. (S5), this is
equivalent to minimising the XY Hamiltonian functional HXY = −
∑n
i<j Jij cos θij [S10].
The main contribution to the integral defining ψ˜0(q) is from q = kc, where kc is the outflow
wavevector from the pumping site fully determined by the pumping profile [S10, S11].
In our numerical simulation we used a Gaussian pumping profile that produces the
same width of the condensate as in experiment (FWHM 2.6µm) and choose the pump-
ing intensity to obtain the correct outflow wavenumber for a single condensate. The
common integration parameters used for all numerical simulations are, therefore, mpol =
0.4 meV ·ps2/µm2; ~γc = 0.33 meV ; ~RR = 0.1 meV ·µm2; ~gR = 0.005 meV ·µm2; ~γR =
1.5 meV ; U0 = 0.036 meV · µm2; ηd = 0.037 µm2. The dimensionless pumping profile of
each condensate is p = P0 exp(−αr2), where P0 = 9.5, α = 0.4. The numerical simulations
were performed for various number of condensates around the circle and distances as the
main text shows. All the parameters are in agreement with parameters that have been used
by us in [S10] and others [S6, S12].
3
“Analogue” Gravity
The realised vortices invite an interpretation regarding the ‘Analogue gravity’ programme.
In recent years, the analogue between the propagation of superfluid excitations in an inho-
mogeneous flow and field propagation in curved space-time was proposed and elucidated
[S13, S14]. In particular, a vortex, and more importantly, a giant vortex in ultra cold BECs
were proposed as a structure that has at least two important ingredients of black hole physics
that allow for the study of radiance and scattering: an event horizon and an ergosphere.
For modelling of an event horizon the information should not be able to escape a spatial
sphere (or a circle in 2D). In equilibrium BECs, the vortices have no radial component,
so this requirement facilitates a “draining bathtub” vortex – the vortex, where the mass
is extracted from its core [S15]. In our driven-dissipative system the vortices have a spiral
velocity profile combining a fast tangential motion with the velocity ~k/mr, where r is the
distance from the vortex centre and the inward radial component close to the vortex centre
which is proportional to −γCr/2(|k|+ 1), as we derive below.
To estimate the radial velocity and the density depletion created by giant vortices we non-
dimensionalize Eqs. S2 using ψ → √~2/2mU0`20ψ, r → `0r, t → 2mt`20/~ and introducing
the notations g = 2gR/RR, γ = mγC`
2
0/~, p = m`20RRP (r)/~γR, η = ηd~/mRR`20, and
b = RR~2/2m`20γRU0. It is convenient to measure the dimensionless distances in microns, so
we set `0 = 1µm. We are interested in steady states, so introduce the chemical potential µ
via µψ = iψt. If the distance from the centre of the polygon to the vertex is much larger
than the distance between vertices, close to the centre the system can be approximated by
a radially symmetric solution ψv(r) ≈ f(r) exp[ikθ + iφ(r)] that satisfies
µ = −f
′′
f
− f
′
rf
+
k2
r2
+ u2 + f 2 +
+
p(r)
1 + bf 2
(
g − η
rf 2
d(rf 2u)
dr
)
, (S7)
1
rf 2
d(rf 2u)
dr
=
p(r)
1 + bf 2
(
1 +
η
rf
d(rf ′)
dr
− ηu2
)
− γ, (S8)
where u = φ′(r) is the radial component of the velocity. It immediately follows from Eqs.
(S7-S8) that in the absence of the vortex k = 0 the density at the centre r = 0 is ρ ≈ µ,
where µ is set by the outflow wavenumber kc away from the vortex core as µ = k
2
c − γ2/4k2c .
For the vortex-free and vortex solutions around the centre f(r) and u(r) can be found as
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power series [S16].
f(r) = r|k|
∞∑
i=0
a2ir
2i, u(r) =
∞∑
i=1
s2i−1r2i−1. (S9)
To the first two leading orders in small r one has u(r) = −γr/2(|k| + 1) − γr3/4(|k| +
1)2(|k|+ 2). Therefore, the increase in the tangential velocity that accompanies the increase
in winding around the polariton lattice sites leads to the velocity reduction in the radial
inward direction.
The negative value of the radial velocity indicates that the vortex core provides a ‘sink’
of the particles. This can be contrasted with the optical vortices [S17], vortices previously
detected in polariton condensates [S6, S18], and with the Hagan’s solutions for the rotating
spiral wave in reaction-diffusion systems [S19], where the fluid is created at the vortex
core where the amplification dominates over the saturation, and flows outwards, giving rise
to a source flow. To elucidate this difference we observe that away from the pump Eq.
(S8) reduces to 1
rf2
d
dr
(ruf 2) = −γ, whereas for the vortices that are formed where there
are pumping and dissipation (so for Hagan’s solutions, optical or polariton vortices) this
equation is replaced with 1
rf2
d
dr
(ruf 2) = γgain − σf 2, where γgain > 0 represents the effective
gain and σ > 0 – the nonlinear losses [S18]. The direction of the radial velocity is outward
from the vortex core, since to the leading order for small r where f 2 is negligible we have
u(r) ∼ γgainr/2(|k|+ 1) > 0.
By changing the pumping parameters we can also control the volume of the displaced
fluid from the core. From matching the powers of r in Eqs. (S7-S8) using expansions
(S9) we obtain that for a vortex of multiplicity k we have a0 =
√
µ|k|+1δk, where δk is the
vortex core parameter (the coefficient of the first term in the power expansion) of a straight-
line vortex in a uniform equilibrium BEC found numerically by integrating the equation
f˜ ′′+ f˜
′
r
+
(
1− k2
r2
− f˜ 2
)
f˜ = 0, subject to the boundary conditions f˜(0) = 0, f˜(∞) = 1. The
vortex core parameter for a vortex of multiplicity one was calculated by Pitaevskii [S20] as
δ1 ≈ 0.583. Similarly, the vortex parameters of higher multiplicity were found by Hagan
[S19] as δ2 ≈ 0.153, δ3 ≈ 0.026, etc. The rest of the coefficients would then be obtained
recursively as a1 = −a0µ/4(|k| + 1), etc. This shows the explicit dependence of the vortex
core profiles as functions of the chemical potential µ which is controlled by the outflow
parameter kc.
The vortex surface where the modulus of the velocity |u| = √u2r + u2θ reaches the speed
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of sound represents an analogue of the ergosphere. The speed of sound in a polariton
condensate can be approximated by the speed of sound in a uniform system of density ρ and
given by c =
√
U0ρ/m [S21]. The radial outflow of polaritons ur easily becomes supersonic
and, therefore, the analogue event horizon is formed where |ur| = c. The fast azimuthal
component around the giant vortex allows the formation of an area inside the ergosphere
but outside of the outer event horizon: this region is suitable to test the Penrose proposal
of superradiance [S22]. As a lump of matter enters into the ergosphere it should split into
two parts: one part escapes extracting some of the rotating black hole (vortex) energy while
the other falls past the outer event horizon and gets absorbed by the black hole (vortex).
Therefore, such structures could be fruitful and rather unique testbeds for analogue studies
of black holes in condensed matter systems.
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